Changes in brain neuronal activity are reflected by hemodynamic responses mapped through Blood Oxygenation Level Dependent (BOLD) functional magnetic resonance imaging (fMRI), a primary tool to measure brain functioning non-invasively. However, the exact relationship between hemodynamics and neuronal function is still a matter of debate. Here, we combine 3 T BOLD fMRI and High Frequency Band (HFB) electrocorticography (ECoG) signals to investigate the relationship between neuronal activity and hemodynamic responses in the human Middle Temporal complex (hMT+), a higher order brain area involved in visual motion processing. We modulated the ECoG HFB and fMRI BOLD responses with a visual stimulus moving at different temporal frequencies, and compared measured BOLD responses to estimated BOLD responses that were predicted from the temporal profile of the HFB power change. We show that BOLD responses under an electrode over hMT+ can be well predicted not only be the strength of the neuronal response but also by the temporal profile of the HFB responses recorded by this electrode. Our results point to a linear relationship between BOLD and neuronal activity in hMT+, extending previous findings on primary cortex to higher order cortex.
Introduction
Since its invention in the early 1990s (Ogawa et al., 1992 (Ogawa et al., , 1990 , functional magnetic resonance imaging (fMRI) has become a prominent technique to functionally characterize the human brain. FMRI studies are based on task-related or spontaneous changes in the bloodoxygenation-level-dependent (BOLD) signal that is mapped from the venous vasculature. Because blood oxygenation levels and cerebral blood flow change rapidly following changes in the neuronal activity in a brain region (the hemodynamic response), fMRI allows to efficiently, although indirectly, measure brain function non-invasively in humans. It remains unclear, however, how exactly hemodynamics relate to neuronal function in the human brain, and this has become a central issue for the neuroscience community. Invasive animal studies have shown that fMRI signals are highly correlated with neuronal spiking activity as well as with Local Field Potentials (LFPs), which are suggested to reflect input and intracortical processing (Goense et al., 2012; Logothetis et al., 2001; Niessing et al., 2005) . Other animal studies have shown, however, that BOLD responses are uncoupled from neuronal activity under certain experimental conditions (Huo et al., 2014; Norup and Lauritzen, 2001; Swettenham et al., 2013) . Notably, the relationship observed in animals does not necessarily reflect the characteristics of neurovascular coupling in humans, as observed with fMRI, due to potential differences in cortical anatomy (e.g. cortical folding, Gagnon et al., 2015) , vascular anatomy (e.g. vessel geometry, size, and organization, Hirsch et al., 2012; Gagnon et al., 2015) , and experimental conditions such as anesthesia (Liu et al., 2013; Pisaro et al., 2013) and task delivery. A limited number of studies have examined the relationship between fMRI and neuronal activity in humans, predominantly using non-invasive electrophysiological modalities such electroencephalography (EEG) or magnetoencephalography (MEG). These studies have shown that spatial maps of fMRI BOLD activity in response to different types of sensory stimulation roughly correspond to EEG and MEG responses in the respective primary sensory cortices (Brookes et al., 2005; Im et al., 2007; Mukamel et al., 2005; Rosa et al., 2010; Singh et al., 2002) . However, since the spatial resolution of EEG and MEG is lower than that of fMRI measurements, it is difficult to establish a one-to-one relationship between neuronal and BOLD signals.
Intracranial electrocorticography (ECoG), has recently received increasing attention due to its unique combination of high spatial and temporal resolution. ECoG allows direct measurement of electrical activity in neuronal populations covering a few millimeters of gray matter, directly underneath the electrode. The spatial resolution afforded is high, similar to that of fMRI measurements, which facilitates direct comparison between the two modalities in the same patch of cortex. Although ECoG is typically acquired in epilepsy patients, studies have shown that measurements acquired from nonepileptic tissue yield results that are considered normal in terms of expected location and functional response to tasks (Jacobs et al., 2010) . Furthermore, ECoG provides separable measurements of not only neural oscillatory activity but also of changes in high frequency broadband (HFB) power, which is associated with spiking activity (Miller et al., 2009) , with very high sensitivity, although high frequencies may also be detected with high density EEG (Onton and Makeig, 2009 ). Combined ECoG-fMRI studies have recently provided evidence of a direct spatial correlation of BOLD responses with HFB power (Mukamel et al., 2005; Hermes et al., 2012; Siero et al., 2013; Jacques et al., 2016) . However, several factors complicate the comparison of BOLD responses and neuronal responses measured by ECoG. First, studies have tended to focus on spatial correlation. Spatial correlation alone does not allow for assessment of the exact relationship between the measured fMRI signal and the underlying neuronal activity, leaving open the question of linearity of this relationship in neurovascular coupling. Second, BOLD responses are usually modeled following experimental design such as stimulus timing, rather than using the temporal profile of neuronal responses. This may be a suboptimal approach, as a recent combined 7 T fMRI-ECoG study showed that the exact neuronal responses can predict BOLD responses more accurately than a model based on stimulus timing, in the case of increasing frequency of movement in motor cortex (Siero et al., 2013) . Third, the relationship between fMRI activity and neurophysiological recordings has predominantly been studied in primary sensory and motor cortices, while much of human brain consists of higher order regions of the cortex where stimuli cannot readily be controlled.
The present study was conceived to determine the linearity of neurovascular coupling in higher order cortex. We focused on the human Middle Temporal complex (hMT+), a higher order brain area involved in visual motion processing (Amano et al., 2009; Dumoulin et al., 2000; Huk et al., 2002; Tootell et al., 1995) . We modulated the ECoG and fMRI BOLD responses by engaging subjects in a visual task consisting of a moving, high contrast, black and white dartboard, the contrast of which was reversed at different temporal frequencies. This type of stimulus is known to elicit strong activity in hMT+ in both modalities (Gaglianese et al., 2015; Harvey et al., 2013; Kastner et al., 2003; Winawer et al., 2013) and to generate distinct and independent responses in HFB power for each of the spatial and temporal frequencies of the visual stimuli, as measured with ECoG . We used these HFB power changes to predict the related BOLD responses and compared the predicted responses with real, measured BOLD responses for the same task and the same subjects using 3 T fMRI. We show a close correspondence between the predicted and measured hemodynamic response functions (HRF) and conclude that there is a linear relationship between the hemodynamic responses in hMT+ and both the amplitude and the temporal profile of the underlying neuronal activity.
Materials and methods
Subjects (three males, one female) were epilepsy patients who underwent implantation of subdural electrode grids to determine the site of epileptic foci for the purpose of possible surgical removal of the epileptogenic tissue. Implanted grids extended to healthy tissue in the hMT+ area of the left (n=2) and right (n=2) hemisphere. Before the subdural electrode implantation, subjects underwent an fMRI scan and were presented with visual motion stimuli identical to the ones performed during ECoG measurements, except that the presentation timing was adjusted to match the timing of the hemodynamic (fMRI) responses. A high resolution (0.5×0.5×1 mm) 3D computed tomography (CT, Philips TomoscanSR7000) scan was acquired after implantation to localize ECoG grid electrodes on each subject's brain. The study was approved by the medical ethical board of the Utrecht University Medical Center. All subjects gave their written informed consent to participate in the study in compliance with the Declaration of Helsinki 2013.
fMRI fMRI data were acquired on a Philips Achieva 3 T scanner using 3D PRESTO (Neggers et al., 2008; Ramsey et al., 1996; van Gelderen et al., 2012 ) and a commercial 8-channel head coil. For one subject, 40 slices were acquired with a field of view (FOV) of 224×256×160 mm, resulting in a voxel size of 4 mm isotropic. Functional volumes were acquired every 608 ms with a flip angle of 10 degrees, echo time (TE) of 33.2 ms, and repetition time (TR) of 22.5ms. For the other three subjects the FOV was 99×256×182 mm for a total of 33 slices encompassing the visual cortex and posterior temporal lobes, and voxel size 3mm isotropic. Functional volumes were acquired every 810 ms with flip angle of 10 degrees, TE of 38.7 ms and TR of 27 ms. At the beginning of each experimental session, whole-brain gradient-echo T1-weighted images were acquired at a resolution of 1 mm isotropic, for all subjects.
fMRI stimuli
Subjects were presented with a visual stimulus that consisted of a high-contrast black-and-white dartboard with a fundamental spatial frequency of 0.33 cycle/deg. During the motion-on condition, visual motion covering the entire display was shown for 1 s and the dartboard expanded with a fundamental temporal frequency of 1, 3 or 5 Hz in different trials. Each temporal frequency was presented 27 times in a single run, for a total of three runs. Outside of these motion periods, a stationary black-and-white dartboard with spatial frequency of 0.33 cycle/deg was presented. The interval between motion periods was based on equal distribution of inter-stimulus-intervals (ISI) ranging between 6 s and 15 s (2 trials per ISI, in 1 s increments), plus 6 trials with 19 s and 24 s ISI (3 each). The order of ISIs was pseudorandomized, and the same order was used for each run. Due to timing constraints, two subjects were able to perform only two runs (1 and 5 Hz condition respectively). Visual stimuli were back-projected on a 24 in. display with 1920×1200 pixel resolution inside the MRI bore. Subjects viewed the display through a mirror with a total distance from the subject's eyes to the display screen of 90 cm. The scanner room was kept dark. To ensure subjects attended to the stimulus and maintained accurate fixation, subjects were instructed to perform a color change detection task on the fixation dot in the middle of the display, where a button press was required for every color change of the fixation dot.
fMRI analysis
For each subject, cortical surface estimation was computed by automatically segmenting the T1-weighted anatomical scan using FreeSurfer (http://surfer.nmr.mgh.harvard.edu). Gray matter volumes were then rendered as a smoothed 3D cortical surface.
Functional data were pre-processed using AFNI (http://afni.nimh. nih.gov/afni, Cox 1996). All datasets underwent rigid-body motion correction, temporal linear detrending, and alignment of functional and anatomical data. No spatial smoothing was applied.
hMT+ localization. For each subject, the location of hMT+ was identified with multiple regression analysis. The fMRI runs were concatenated, and the analysis was performed by contrasting the responses of moving (all temporal frequencies combined) versus stationary dartboards (using the 3dDeconvolve function in AFNI), obtained by convolution of the task with a standard hemodynamic response model (Boynton et al., 1996) . The resulting activation map was used to identify the ECoG electrode on hMT+ (see ECoG-fMRI colocalization section). The 6 movement parameters derived from the motion correction (3 translation, 3 rotation) were included as regressors of no interest. Activation maps were visualized on each subject's rendered brain surface using the SUrface MApping (SUMA) software in AFNI.
hMT+ responses to different temporal frequencies. Data from each functional scan consisted of 27 trials of a single temporal frequency condition. The mean hemodynamic response function (HRF) for each temporal frequency (1, 3 or 5 Hz), that is, each motion stimulus condition, was reconstructed for all voxels in the volume imaged using a deconvolution approach (Dale, 1999) . This method does not infer any a priori model of the HRF response, except for the duration of the HRF, which was set to 25 s in accordance with previous studies (Costagli et al., 2014; Gaglianese et al., 2015; Gardner et al., 2005) . This type of analysis also provides an r 2 and significance value.
Significantly activated voxels for each motion stimulus condition were based on statistics on the r 2 values obtained by a bootstrapping procedure using a permutation analysis method (Gardner et al., 2005) . In short, the r 2 values were recomputed 100 times for each voxel using a randomized version of the stimulus timing presentation to obtain a single distribution of r 2 values representing the distribution expected by chance. An r 2 value at cut-off p-value=0.05 was compared to the r 2 value of each voxel in order to detect significant voxels. The analysis was performed using mrTool (http://gru.stanford.edu/doku.php/ shared/home).
ECoG
Implanted grid electrodes had a measurement surface of 2.3 mm diameter per electrode, with 1 cm inter-electrode spacing, and were positioned directly on the cortical surface. A reference electrode was positioned extra-cranially on the mastoid bone. The recording system was a 128 channel Micromed system (Treviso, Italy). Data were acquired with a sampling rate of 512 Hz and band-pass filtered between 0.15-134.4 Hz.
ECoG Stimuli
During the ECoG experiment, subjects performed one run, in which the same visual stimuli as used in the fMRI measurements were presented. Because of the high temporal resolution of the ECoG recordings, all temporal frequencies could be presented in a single run, with random inter-stimulus intervals ranging between 3 s and 4.5 s. Each temporal frequency was shown 18 times. For one subject, temporal frequencies (1 Hz and 5 Hz) were presented in two different runs. The visual stimulus properties and the room setup were adjusted to be identical to the ones used in the fMRI scans. Stimuli were presented in a dark room using a Toshiba Tecra S10-101 laptop (Toshiba, Tokyo, Japan) and displayed on a 1024×768 pixel LCD screen (Samsung Syncmaster 214 T, Seoul, Korea) positioned in front of the patient at a distance of 75 cm from the eyes. Subjects performed the same color change detection task as in the fMRI session.
ECoG analysis
ECoG signal quality was inspected by a neurologist and electrodes with large epileptic artefacts, flat signal or excessive noise were rejected. The remaining electrodes were re-referenced to the common average of all remaining electrodes. For each electrode and stimulus motion condition, data were filtered in the HFB (65-95 Hz), alpha (8-14 Hz) and beta (15-25 Hz) bands using a third-order Butterworth filter in two directions to minimize phase distortion (using the filtfilt function in MATLAB; MathWorks). Then, the smoothed log power of the analytic amplitude by Hilbert transform was calculated (Hermes et al., 2012) . For each temporal frequency condition, motion stimulus related epochs were defined as the 1 s periods of motion presentation. Baseline epochs started 1 s after motion offset and lasted 1 s. Mean responses across the 18 motion stimulus epochs for each temporal frequency condition were computed for each frequency band and the mean of the baseline epochs was subtracted. Finally, the responses were converted to z-scores by dividing by the standard deviation of the mean baseline epoch. In addition, only in the case of the HFB band, we summarized responses across subjects and temporal frequencies by extracting the area under the corresponding HFB z-score response profile during the 1 s of motion plus 500ms to allow the power increase to return to baseline. The spectrogram for all temporal frequency conditions was also computed using a multi-taper spectrum function and a moving window with time-width of 0.5 s and step size 50ms, as implemented in Chronux (chronux.org).
ECoG-fMRI co-localization
Implanted electrodes were automatically localized on the postoperative high resolution CT scan using the 3Dclustering detection function provided by AFNI (Branco et al., 2016) . The CT was coregistered and re-sliced to the T1-weighted anatomical scan using normalized mutual information (Wells et al., 1996) . After co-registration, electrode coordinates were corrected for the brain shift caused by the surgery (Hermes et al., 2010) , then projected onto the nearest cortical surface point in the anatomical MRI. A single ECoG electrode on hMT+ was identified for each subject, based on the proximity to the significant active voxels obtained by the fMRI activation map that resulted from the multi regression fMRI analysis (p < 0.05). The location of the identified electrode on hMT+ was confirmed anatomically for each subject (the intersection of the junction between the ascending limb of the inferior temporal sulcus and the sulcus itself (Dumoulin et al., 2000) ). For data matching, fMRI voxels were selected within a radius of 8mm from the center of mass of the selected electrode based on previous work (Hermes et al., 2012) , provided they were significant according to the deconvolution analysis, (r2-value P < 0.05), and the time courses were averaged to a single fMRI measure.
ECoG-fMRI modeling
We modeled BOLD responses to each visual motion condition based on the temporal profile of the ECoG spectral responses (Fig. 1) . ECoG-based BOLD responses were constructed as follows: First, zscored spectral power changes in HFB were computed for each electrode and temporal frequency condition, as described in the ECoG analysis section. Second, ECoG-based time-series were simulated by multiplying the mean z-scored responses for each temporal frequency with a boxcar function with duration of 1.5 s and amplitude 1, interleaved by the inter stimulus trial interval used in the fMRI experiment ( Fig. 2A) . The time resolution of the entire simulation was set to 50 ms. Third, the derived ECoG-based time-series were convolved with a HRF based on a gamma function (Boynton et al., 1996) , giving a prediction of the fMRI time-series. The simulated fMRI time-series were normalized to zero mean and unit variance and were sampled every TR step to match the timing of the signal acquisition by the scanner (Fig. 2, B-C) . The estimated ECoG-BOLD HFB was finally computed for each temporal frequency condition by deconvolution of each simulated ECoG-based fMRI time-series. The same procedure was followed using ECoG responses in the alpha and beta band to estimate ECoG-BOLD alpha and ECoG-BOLD beta respectively.
Finally, the measured-BOLD responses for the three temporal frequency conditions were computed for each resultant time-series by deconvolution (see fMRI analysis section).
ECoG-BOLD vs measured-BOLD responses
To determine whether the estimated ECoG-BOLD responses predicted the measured-BOLD, we first computed for each subject and each temporal frequency condition the goodness of fit by the root mean square error (RMS) between the predicted ECoG-BOLD and measured-BOLD response. We then quantified the response to each motion stimulus by extracting the amplitude and the area under the curve of each corresponding ECoG-BOLD and measured-BOLD response. Similarity across subjects and temporal frequency conditions was quantified by correlating ECOG-BOLD and measured-BOLD amplitudes and areas under the curve across subjects and temporal frequency conditions. To test whether alpha and beta frequency bands explained additional variance in the BOLD responses, independently of HFB changes, we computed the partial correlation between the measured-BOLD and estimated ECoG-BOLD HFB amplitudes and areas, controlling for ECoG-BOLD alpha and ECoG-BOLD beta values.
Results

FMRI and ECoG activation in hMT+
During visual motion presentation, subjects consistently exhibited positive BOLD responses in the human MT complex (hMT+) and early visual cortex (Fig. 3) . Only the responses in hMT+ were used for further analysis.
The ECoG measurement from the electrode located on hMT+ of each subject exhibited a significant spectral power increase in the HFB band (p < 0.05, Bonferroni corrected) during visual motion presentation. This spectral increase was within hMT+, as confirmed by the spatial overlap of the ECoG electrode and the fMRI activation foci (Fig. 3) . Fig. 4 shows the spectral power in frequencies across the 1-100 Hz range, from stimulus onset (t(0)) to 1 second thereafter, for the three temporal frequency conditions combined. Each temporal frequency elicited significant ECoG HFB and BOLD responses in hMT+ (Fig. 5) . Interestingly, ECoG (Fig. 5 , left columns) and fMRI responses (Fig. 5 , right columns) showed a similar pattern of amplitude responses to the different temporal frequencies, per subject, although differences were observed between subjects. Moreover, the area under the HFB z-scored responses was significantly correlated with the maximum amplitude values of each corresponding measured BOLD response (r=0.74, p=0.015).
ECOG and fMRI responses to different temporal frequencies of the visual stimuli
Linear correspondence between measured-BOLD and predicted ECoG-BOLD HFB responses
In order to investigate the relationship between neurophysiological activity and BOLD responses, we predicted the BOLD responses for each motion stimulus condition based on ECoG spectral power changes in HFB, as well as in alpha and beta bands. Root mean square (RMS) between the two curves indicated a good match between measured and ECoG HFB based BOLD responses (Fig. 6) .
We summarized the pattern of responses across subjects and temporal frequency conditions by computing the amplitudes and areas of each measured-BOLD and ECoG-BOLD HFB. ECoG-BOLD HFB amplitudes were found to be significantly correlated with measured-BOLD amplitudes (r = .85, p < 0.001, Fig. 7A ). Positive correlations indicate that a positive increase in HFB corresponds to a positive increase in Fig. 1 . ECoG-fMRI modeling and experimental protocol. We recorded neuronal and hemodynamic responses to visual motion stimuli using both ECoG (top left) and fMRI (bottom left) measurements from the hMT+ complex of each subject. The measured HRF (blue curve) was estimated by deconvolution of the fMRI BOLD time series (bottom row). It was compared to the modeled ECoG HRF (red curve), which was obtained by convolving the ECoG spectral power changes in the high frequency band with a gamma function (top row). A. Gaglianese et al. NeuroImage 155 (2017) 480-489 BOLD responses. Even stronger positive correlations were found between ECoG-BOLD HFB area values and measured-BOLD area values (r = .95, p < 0.001, Fig. 7B ). Interestingly, the strong positive correlation between ECoG-BOLD HFB responses and measured-BOLD response seems to be driven primarily by differences between subjects.
ECoG-BOLD alpha and ECoG-BOLD beta do not explain additional variation in the BOLD responses
To examine whether including low frequency ECoG rhythms together with the HFB responses results in a better prediction of the measured BOLD responses, we computed, for both amplitude and area values, the correlations between measured-BOLD and ECoG-BOLD HFB values supplemented with the ECoG-BOLD alpha and ECoG-BOLD beta responses either separately, or combined. We found that for both amplitudes and areas, the addition of low frequencies did not add any statistical significance increment in terms of explained variance (onesided t-test, p < 0.05), and that HFB is the most informative band in order to predict the measured-BOLD responses (Fig. 8) .
Discussion
In the present work, we measured fMRI and ECoG responses in the same subjects to determine whether changes in neuronal activity due to different, carefully controlled, stimulus properties were directly reflected in the BOLD fMRI responses in the higher order visual cortex region hMT+. We show that we were able to predict with high accuracy (correlation r=0.95) the BOLD responses using the temporal profile of ECOG HFB responses. Our results point to a linear relationship between BOLD and neuronal activity in hMT+, extending previous findings on primary cortex to higher order cortex.
hMT+ responses to different temporal frequency of visual stimulation match across ECoG HFB and fMRI BOLD measurements Our data show that the neuronal responses in hMT+ to different visual motion stimuli, as measured with ECoG, correspond to those measured with fMRI in the same subjects. With both methods, we found that, during the motion-on condition, subjects consistently exhibited positive BOLD and HFB power augmentation within hMT+ in response to the different temporal frequencies of the visual motion stimuli. Our measurements show a nonlinear correspondence between the temporal frequencies of the visual stimuli presented and the amplitudes and area under the curves values of the BOLD as well as the HFB responses. These results are in agreement with previous data from our group ) and other research groups (Chawla et al., 1998; Lui et al., 2007) . Our data extend these prior studies, which examined hMT+ responses either with ECoG or with fMRI, by providing evidence of similar amplitude values to the different temporal frequencies between neuronal and BOLD responses measured in the same location. This result suggests a tight relationship between the local synaptic activity in hMT+ and the peak of the concurrent hemodynamic response. This is in agreement with (Hermes et al., 2012; Jacques et al., 2016; Mukamel et al., 2005; Niessing et al., 2005) and in particular with (Magri et al., 2012) , who showed that amplitude variations of the BOLD signal reliably followed increases and decreases in gamma power.
ECoG HFB responses accurately predict measured BOLD responses
To quantify the correspondence between ECoG-HFB and BOLD, we used the temporal profiles of the ECoG HFB power responses to predict the corresponding BOLD responses, and compared the resulting predicted BOLD responses with measured BOLD responses, acquired in the same location. Results show that BOLD activity under an electrode over hMT+ can be well predicted by the temporal profile of the HFB responses recorded by this electrode. In particular, BOLD amplitudes and area values predicted from the profile of the HFB responses during the motion-on condition were tightly correlated with both the amplitudes and the area of the measured BOLD responses, suggesting a linear relationship with not only the strength of the neuronal response (represented by the peak of the predicted and measured BOLD responses) but also with the temporal profile of neuronal activity (described by the correspondence between the areas under the predicted and measured BOLD responses), which represents the energy needed by the neural activity to respond to the task.
The present study extends previous findings of combined ECoGfMRI studies, which report a spatial correlation of BOLD responses with HFB power (Hermes et al., 2012; Jacques et al., 2016; Miller et al., 2009; Mukamel et al., 2005; Siero et al., 2013) , providing evidence of an additional agreement in temporal features. Moreover, linearity between hemodynamics and neuronal responses has also been confirmed by a previous combined 7 T fMRI-ECoG study on primary motor and somatosensory cortex that showed that HFB power responses predict the BOLD responses more accurately than stimulus timing alone (Siero et al., 2013 ). Our findings demonstrate that this linear correspondence between neuronal activity and BOLD remains valid also for 3 T measurements, corroborating the reliability of 3 T BOLD fMRI studies to study brain functioning.
Finally, although more experimental stimuli conditions, such as varying the duration of the stimulation, are needed, our findings suggest that apparent non linearity between BOLD and neuronal activity in other cortical regions and with different sensory stimuli (Magri et al., 2011; Norup and Lauritzen, 2001; Swettenham et al., 2013 ) might originate by non-linearity of the neuronal responses rather than non-linearity in the vascular in response to neuronal events.
Neuronal responses may contribute to inter-subject variability of BOLD responses
Interestingly, as shown in Fig. 7 , the close correspondence between BOLD responses predicted by the ECoG HFB responses and measured BOLD responses is also driven by differences between subjects. It is possible that these differences may be due to (slight) different electrode location across subjects within hMT+ that may lead to different neuronal and BOLD responses within the complex. Other factors such as age of the patients and performance may also be reflected in the neurovascular responses measured. Alternatively, this result may suggest that differences in BOLD response between subjects reflect differences in neuronal response amplitudes and temporal profiles, which could be a contributing factor to the inter-subject variability observed in fMRI studies. This would be in line with the observation that the neurovascular response is subject-specific in monkey visual cortex (Logothetis et al., 2001) . It has been reported that regional variations in vascular density can relate to regional variations in BOLD amplitude (Vigneau-Roy et al., 2014) which could also explain the differences in the BOLD response between subjects. However, variations in vascular density alone are not likely the source of the close correspondence between the BOLD responses predicted by the ECoG HFB responses and the measured BOLD responses observed here across subjects. It has been shown that vascular density correlates with cellular density and expected metabolic demand (Adams et al., 2015 , Blinder et al., 2013 , Bell and Ball 1985 , Weber et al., 2008 which could be a neurovascular coupling mechanism that can explain the linear relationship between the measured and ECoG-HFB predicted BOLD. More subjects, however, are needed to investigate the source of response differences between subjects.
In summary, we have shown that ECoG HFB responses in hMT+ explain the variance of the measured BOLD response in this area, and conclude that BOLD fMRI measures can accurately estimate the A. Gaglianese et al. NeuroImage 155 (2017) [480] [481] [482] [483] [484] [485] [486] [487] [488] [489] underlying neuronal electrophysiological response to stimuli not only in primary but also in higher order cortex.
